Abstract-New theoretical and experimental results on double-barrier SIS'IS Josephson junctions are presented (1 is a tunnel barrier, S' is a thin film with critical temperature lower than that of S). The previously developed microscopic model for the stationary case, which describes the critical currents in Nb/AI/Nb junctions, is extended to the non-equilibrium regime of finite voltage. In particular, an intrinsic shunting resistance is estimated from I-V curves. We formulate the requirements for interface barriers in order to realize non-hysteretic SIS'IS junctions with high critical current density and I e R~ products. A comparison with single-barrier SIS junctions with high critical current density i s carried out.
INTRODUCTION THE recent interest in double-barrier junctions is
motivated by the desire to have devices with non-hysteretic current-voltage characteristics, e.g. to apply in large-scale integrated circuits. Double-barrier Josephson junctions are already used in Rapid-Single-Flux-Quantum logic [ 11 and digital voltage standards [2] . Critical current densities of the order of 1 kA/cm2 have been obtained [3] - [5] . Nonequilibrium phenomena have been discussed in [6]- [7] .
A microscopic model for the stationary properties of double-barrier junctions was developed in [SI-[lo] . In this model critical current and normal state resistance are given as function of the critical temperature of the interlayer, interlayer thickness d, and barrier transparencies. Various relations between the electron mean free path 1 and d were considered. The case of a dirty metal interlayer ( k d ) was treated in the framework of the Usadel equations, after deriving the required boundary conditions [SI. In [lo], the clean limit ( b d ) was studied by solving the full set of Gor'kov equations. It was shown that in both cases the stationary properties of the junction are described by the same effective suppression parameter y e~: interlayer. This justifies the use of the diffusive approximation for studying SINIS junctions with a thin normal metal (N) interlayer as will also be done in the work described in the following. The non-stationary properties were studied so far only in the regime of yeff<<l. It was shown in [IO] that in this case the phase coherence is not lost in the interlayer, i.e. both barriers act effectively as a single one. In this case the concept of Multiple Andreev Reflections (MAR) [l 11 can be applied to calculate the I-V characteristics of the junctions, which are derived by integrating over the distribution of transmission coefficients of a double-barrier junction. The resulting quasiparticle current-voltage characteristics exhibit the subharmonic structure due to MAR and an e x c e~~ current I,, at high bias. The harmonic supercurrent components are shown in [lo] .
From the practical point of view it is desirable to also have a model for large suppression parameters yeff. In [I21 nonstationary properties of SNN' junctions were calculated by making use of the kinetic equations. This work will be extended here for the case of double-barrier SINIS junctions.
The supercurrent and quasiparticle components will be derived, and with these we are able to explain the intrinsic shunting process in double-barrier junctions. Finally it will be shown how the microscopic model is fitted with our most recent experimental data.
THEORY

A . The kinetic equations
In the regime of low voltages eV<<A the phase difference across the junction @2eVt+1+~ varies slowly in time and the adiabatic approach can be applied. In this case the theory is simplified and the coupled diffusion kinetic equations in the normal metal interlayer have the form [13] :
Here, the generalized diffusion coefficients are
fL(T) are the longitudinal (transverse) components of the distribution function, and g, f a r e the normal and anomalous Green's functions in the interlayer, given by (7) The distribution functions in the interlayer fL(xl,*), fT(x1,2) are matched at the barriers ~~,~= * d / 2 with the equilibrium distribution functions of the electrodes fL0, fTo
The total time-dependent current is given by the sum of quasiparticle (dissipative) and pair components I(t)=I,+Is.
The supercurrent component is given by
For ye+-> 1 the integral over the spectral supercurrent becomes sinusoidal. Since the bias voltage is assumed to be constant in time, the phase difference I$=2eVt evolves I147 linearly in time, thus the supercurrent contribution does not contribute to the dc current at finite voltage.
B. Quasiparticle current
The quasiparticle current is given by the expression It follows from (10) that the quasiparticle current has in general a phase-dependent contribution through the coefficients M1,zT. Since the phase difference +2eVt, the quasiparticle current is time-dependent and the dc component is determined by time averaging. For yeff<l and eV>>A, (10) can be decomposed into two terms, representing an SNN' and N'NS junction respectively. Then, an excess current is found. This excess current as function of the asymmetry parameter is plotted in the inset of Fig. 1 . This result is reproduced by the MAR formalism [lo] . To cover the whole voltage range, the MAR approach has been used and the quasiparticle current as shown in Fig. 1 is obtained [lo] .
In the case of yefs>l, the adiabatic approximation is not necessary, hence, the quasiparticle current for the whole voltage range can be obtained from the kinetic equations. The result is shown in Fig. 2 . In this case there is a current deficit at large voltage bias. In the case of symmetric barriers it is obtained that eIdefRN=(4/3)A, for the completely asymmetric case eIdefRN=A. The dependency of the current deficit on asymmetry is plotted in the inset of Fig. 2 . C. Hysteresis The Resistively and Capacitively Shunted Junction (RCSJ) model shows how a sinusoidal supercurrent, a linear quasiparticle current and a displacement-current determine the shape of the entire current-voltage characteristic of the junction. The model can also be applied to a non-shunted junction, but then the subgap resistance appears in the expression for the Stewart-McCumber parameter C is the capacitance of the junction and the flux quantum. When ,Bc>l, the corresponding current-voltage characteristic will show hysteresis.
In order to determine the subgap resistance of a doublebarrier junction, or its shunting resistance so to say, we notice that there are two contributions to the subgap conductance. The first is purely thermal and can be determined from (10) in the case of barriers with infinitely small transparency. This contribution is plotted in Fig. 3 . To get the required average subgap resistance we use the value at eV=A The second contribution to the conductance enhancement is due to the Andreev reflection processes in the interlayer, which is formally introduced by the term Re(f)Re(Fs) in the functions MT1,2 in (10). In first order, this contribution is independent of temperature, but it does depend on the suppression parameter, which is shown in the inset of Fig. 3 for a fixed temperature. For the practical range of parameters this means that the contribution is inversely proportional to ye^. Notice that the cutoff in the inset of Fig. 3 is exactly given by the contribution of thermal quasiparticles.
Let us assume that G 1 . 5 pF/cm2 [14] , which is the capacitance of two SIS junctions in series, and that it represents a broad range of critical current densities. Now, the hysteresis parameter can be calculated from (1 1) together with the expressions for I, and RN as function of yeR from [IO] . This is depicted in Fig. 4 .
Qualitatively, this curve describes well the experimental data for large critical current densities (> 1 kA/cmZ). For lower critical current densities non-monotonic behavior is expected due to the contribution of anharmonic supercurrent components, which this model did not take into account. Note, that this curve has been calculated at a fixed temperature and would look different if J, is varied by a temperature change. Fig. 4 predicts that non-hysteretic double-barrier junctions can be obtained for critical current densities of the order of 10 kA/cm2 and higher. To make the comparison with SIS junctions, a similar curve has been calculated and plotted in the same Fig. 4 . In this calculation it was assumed that C=3 pF/cm2, I,RN=2.0 mV and R,,=~RN. A bigger subgap resistance will shift the curve even more to the right. 
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111. DISCUSSION OF EXPERIMENTS
In Fig. 5 the current-voltage characteristic of a NWAI double-barrier junction is shown that was fabricated in Julich, with fabrication parameters similar to those in [15] . In the inset, the modulation with applied field is shown, together with a Fraunhofer fit to show the homogeneity of the current across the junction.
With Zappe's [16] formula for the McCumber parameter / a value of 3.0 is obtained for pc. The McCumber parameter that would follow from our model can be found in Fig. 4 at the corresponding critical current density and has a value within the same order of magnitude. Figure 6 shows the fit of our theoretical model to the experimental data of different groups. A broad range of suppression parameters is covered. The smallest suppression parameter so far obtained is ye^ =80 [2].
IV. CONCLUSIONS A general theoretical approach to the study of nonstationary properties in double barrier junctions is presented. The results of the model are given for several parameter regimes and describe qualitatively well the intrinsic shunting process in recent experimental data on junctions with high critical current densities [3]- [5] . We predict that an improvement of Nb/Al interfaces up to the level of ~~~e f f -1 0 will result in I,RN -1 mV, J, -20 kA/cm2 and nonhysteretic behavior, fic -1 at T=4.2 K. 
